The ridge-shaped Penttilänkangas accumulation in western Finland is glaciofluvial in origin: probably an ice-marginal subaquatic fan, reworked and covered with younger deep water, littoral, eolian and glacial sediments. Two cycles of glacial melting and land emergence to littoral and subaerial conditions can be distinguished at Penttilänkangas, separated by one glacial advance. Special attention is paid to a fairly well preserved buried podzol soil profile and to permafrost features. The podzol soil is interpreted as having developed in littoral sand and subsequently covered with eolian sand and till. The permafrost features are observable in all the sediments below the covering till, indicating prolonged periglacial ice-free conditions after the soil formation and before the latest glacial advance. The physical properties (content of <0.0625 mm fraction, magnetic susceptibility, colour, dry bulk density and LOI) of the buried podzol soil profile are compared to the Holocene podzol soil with similar parent material in the same area. These properties, as well as the identified microfossils and cell tissue, imply that the paleosol probably developed over a longer period and/or in similar or warmer and moister conditions than the Holocene soil. The podzolisation possibly initiated in the Eemian Stage (MIS 5e), and according to the OSL datings, it ceased in the beginning of the Middle Weichselian Substage (MIS 4). After that, ice-free permafrost conditions prevailed for several thousand years before the Weichselian ice-sheet advanced to western Finland around 65 ka at the earliest.
Introduction
Paleosols represent ancient ground surfaces. They have developed during different environmental settings from those of the modern conditions: the soil forming process was interrupted due to a climatic change or the soil has been buried in later geological processes (see Ruellan, 1971; Catt, 1990; Reuter, 2000) . Paleosols are by definition indicators of past environmental conditions, and they are also valuable lithostratigraphical marker horizons. In a sense, they are trace fossils of ecosystems (Retallack, 1986) .
Excluding buried Holocene soil profiles in reactivated aeolian dune fields, observed especially in arctic areas (e.g. Seppälä, 1995; Kotilainen, 2004) , paleosols are relatively rare in Fennoscandia (see Kujansuu, 1992; Olsen, 1998) . However, buried (fossil) podzol soil profiles have been observed at several plac-es in southern Ostrobothnia, western Finland. Earlier reported sites are (see locations in Fig. 1 ) Kärjenkoski, Risåsen, Harrinkangas, Norinkylä, Haapalankangas, Porokangas, Horonkylä, Uuro and Paulajuurakko (Niemelä & Tynni, 1979; Donner, 1988; Gibbard et al., 1989; Niemelä & Jungner, 1991; Kujansuu et al., 1991; Kujansuu, 1992; Hütt et al., 1993; Pitkäran-ta, 2009 ). The fossil soils at Kärjenkoski, Risåsen, Norinkylä and Haapalankangas have been dated with optically stimulated luminescence (OSL) and thermoluminescence (TL) methods (Niemelä & Jungner, 1991; Hütt et al., 1993) . The ages of materials underlying the paleosols vary between 100 and 163 ka, and of those overlying the paleosols between 76 and 155 ka. Hence, the paleosols are considered as having developed in the Eemian Interglacial or in the Early Weichselian temperate ice-free periods.
Like paleosols, also permafrost features are rare in Finland. This is because most of the Finnish territory was either under ice or water at the time when periglacial conditions prevailed in Finland in the Late Weichselian. Signs of Late Weichselian and Holocene permafrost are found only sporadically in elevated areas outside the Salpausselkä II end moraines in southern Finland and in northernmost Lapland (see a review in Kejonen, 1997) . In addition, permafrost features have abundantly been found in the Suupohja region in western Finland, where they are buried beneath till, and, hence, are interpreted as originating before the latest Weichselian glaciation (Gibbard et al., 1989; Kujansuu, 1992; Pitkäranta, 2009) . As a whole, permafrost features occur only sporadically in Scandinavia (Svensson, 1988) .
Permafrost features and paleosols are good marker horizons in lithostratigraphy and chronostratigraphy. They indicate prolonged subaerial conditions, which information can be used for separating lithologically similar sedimentary units from each other. Probably their most informative value is that they contain valuable information of past environmental conditions.
In this paper, lithostratigraphy of the Penttilänkan-gas deposit is presented, emphasizing the stratigraphic significance of the paleosol and the permafrost features. Signs of permafrost are found at Penttilänkan-gas and at several localities along the same esker-like ridge. Physical characteristics of the paleosol are compared to the Holocene podzol soil in the same area. Two new OSL dates are presented, and the age of the deposits and paleoenvironmental conditions at the site are discussed. The time required for the formation of the paleosol and the permafrost features, indicating the minimum duration of the ice-free stage, is also discussed. 
General description of the area with present climatic conditions
Penttilänkangas (22°04'26"E, 62°01'43"N) is part of a roughly 35 km long, NW-SE trending sinuous ridge, built up of sand and gravel, and covered at many places by till. It is situated in the Suupohja region, in the southern part of Ostrobothnia, western Finland, where till-covered sorted deposits are common (see e.g. Niemelä, 1978; Niemelä & Tynni, 1979; Donner, 1988 Donner, , 1995 Gibbard et al., 1989; Saarnisto & Salonen, 1995; Pitkäranta, 2005 Pitkäranta, , 2008  Fig. 1 ). Because comparison between fossil and Holocene podzol soils is made, present environmental settings and climatic conditions are also described.
The highest part of the fairly flat-shaped Penttilänkangas ridge is 112 metres above sea level. The slope of the northeastern flank is ca. 2.2°, and there is a vertical drop of about 17 metres from the top of the hill to the cultivated terrain with fine-grained sediments to the east of the hill. The average slope of the southwestern flank is 1.2°. Here, the terrain rises 7 m above the peaty and forested bedrock areas, which are draped by a thin till layer. The Kodesjoki river valley follows the Penttilänkangas ridge (Fig. 2) .
The bedrock around Penttilänkangas is predominantly granite, granodiorite and tonalite; small occurrences of felsic and intermediate volcanites and metavulcanites are also present (Korsman et al., 1997) . Bedrock outcrops are relatively common on the west- Fig. 2 . The surface relief image of the Penttilänkangas accumulation and its surroundings. The buried podzol soil (dot 1 indicating the location) is compared to the Holocene podzol soil (dot 2) in this study (see Fig. 9 ). Locations of the GPR images, presented in Fig. 3 , are indicated as arrows (arrow indicating the direction of the measurement). Also the seismic lines are indicated (S1-S3). The numbers refer to terrain elevations in metres above sea level. Darker areas show low-lying terrains.
ern and southwestern side of Penttilänkangas, but rare on the eastern and northeastern side.
According to Alalammi (1987) , the present climatic conditions in the study area are as follows: mean annual temperature +4 °C, with a maximum value of about 29 °C and minimum values of -30 --26 °C; duration of thermal summer (>10 °C) 110-115 days and thermal winter (<0 °C) 135-140 days; temperature sum of the thermal summer 400-450 degrees and the mean frost sum between October and April 800-900; maximum soil frost penetration in till at sites cleared of snow 130-140 cm; annual precipitation 650-700 mm, from which the proportion of snow is about 250 mm. The modern forest at the site is Calluna type (CT) after the forest type classification of Cajander (1949) .
Field work and analyses
A shaded relief image (Fig. 2) , generated from digitized contour maps, was utilised to outline the extent and shape of the studied ridge. Sedimentological logging was carried out at the open section at Penttilänkangas. In addition, observations of five other gravel pits along the same ridge are referred to, although detailed descriptions of them are not presented here. The logs include fabric (~50 clasts/unit) and clast lithology analyses (150-200 clasts) from diamictons and gravels, as well as paleocurrent measurements from stratified sands and gravels. Particle sizes were estimated partly visually in the field, and several samples were checked with dry and wet sieving. Fine fractions (<0.0625 mm) of the soil samples and the material extracted in the wet sieving were analysed with a Coulter LS200, which measures particle sizes based on laser diffraction.
Ground-penetrating radar (GPR) (e.g. Davis & Annan, 1989; Neal, 2004) was utilised to investigate stratigraphy and architecture of the accumulation, as well as, the depth of bedrock (Fig. 3) . Altogether 9 km of GPR lines were made at Penttilänkangas and in the surrounding area. Both Geophysical Survey System Inc's SIR-10 with a 100 MHz antenna and Malå-GeoScience's RAMAC/GPR with 50 and 100 MHz antennas were used. Four refraction seismic soundings (e.g. Sjögren, 1984; Palmer, 1986) were carried out (110 m and 55 m geophone spreads) to measure the thickness of the Quaternary deposits in places where the bedrock was not reached with GPR. The soundings were made with a 12-channel Geometrics ES-1225 seismograph using a hammer to generate the shock waves. The locations of the GPR and refraction seismic lines are indicated in Fig. 2 .
Two sets of pollen slides were made from the organic horizon of the paleosol (unit 6 in Fig. 4) , following the preparation method of Bennet & Willis (2001) . One set was made with 5-cm 3 samples using 40 % HF (cold), 10 % KOH and acetolysis treatment. Five Lycopodium tablettes were added to each sample. The other set was handled in a similar way, but using only 1-cm 3 samples (1 Lycopodium tablette/sample) without acetolysis treatment. Both pollen and preserved cell tissue were analysed from the slides. In addition, two diatom slides were examined (preparation e.g. in Battarbee et al., 2001 ) from the varved silty layer (unit 3 in Figs. 4 and 5). Macroscopic plant remains in the paleosol, as well as, minerals of the sand grains in the paleosol and the Holocene soil parent materials were checked with a stereomicroscope.
Two sand samples from the paleosol section were dated with optically stimulated luminescence (OSL) method. The OSL method is used to estimate the point of time, when sediment grains have latest been exposed to daylight before burial under younger sediments (for details, see e.g. Balescu et al., 1997; Murray & Olley, 2002) . After removing 10-20 cm sediment from a section wall, a 40-cm-long and 7-cmwide plastic tube was hammered into the sediment. Several centimetres thick piece of folded paper and a plastic cap and tape was put on the hit end to prevent light from entering the tube during hammering. After the hammering, also the other end was carefully capped with a plastic cap and a tape. The sample tube was wrapped in an aluminium foil for storage.
The OSL samples in this study were dated with the SAR protocol (single-aliquot regenerative-dose protocol) from quartz grains. The datings were made in the Department of Physical Sciences, University of Helsinki, with the Risø TL-DA reader and blue LED lights. The beta dose rates were measured from sand samples with a Risø GM-25-5 beta multicounter. Sample treatment and measurement were analogous to that described by Salonen et al. (2008) . The used method and equipment are more thoroughly described in Bøtter-Jensen & Duller (1992) , Bøtter-Jensen et al. (1999) and Murray & Wintle (2000) .
One radiocarbon age determination was made from charred wood pieces (13.2 g of wood fragments) from the organic horizon of the paleosol. The sample (Su-3659) was analysed with the conventional gas proportional (CO 2 as the measurement gas) decay counting technique (e.g. Olsson, 1986; Björk & Wohlfarth, 2001 ) in the Radiocarbon laboratory of the Geological Survey of Finland. A half-life of 5568±30 years was used, normalized to δ 13 = -25 ‰ in the PDB-scale. The obtained age is given in radiocarbon years without calibration.
In addition, bulk density, loss-on-ignition (LOI), magnetic susceptibility (Bartington instruments, model MS2, measured in situ) and colour (Munsell soil colour charts) determinations were made to compare the physical properties of the paleo-and the Holocene soils.
Results
According to the GPR and seismic measurements, the thickness of the Quaternary deposits is 20-24 m at the highest part of the Penttilänkangas ridge (GPR A, B and C and S1 and S2 in Fig. 2 ). The thickness decreases to 2-5 m in the southwestern part (Figs 3 and 5). In the Kodesjoki river valley, on the other hand, solid bedrock was not reached with the hammer seismic method (S3 in Fig. 2 ), indicating that its depth is more than 30 m.
Nine sedimentary units are detected at Penttilänkangas. Six of the units are visible at the open section (dot 1 in Fig. 2 ), and the three lowermost units were interpreted from the GPR and seismic measurements. The identified units are as follows, starting from the top (unit 9): -unit 9: weakly stratified sand and gravel -unit 8: massive fine-rich diamicton -unit 7: medium-grained stratified sand -unit 6: medium-and coarse-grained stratified sand, paleosol profile -unit 5: boulder lag -unit 4: stratified sand and gravel with cobbles -unit 3: varved silt and clay -unit 2: cobble gravel -unit 1: sand-rich diamicton The units are described and interpreted in Table 1 and in Fig. 4 . Cross-section across the Penttilänkan-gas ridge is presented in Fig. 5 . The paleosol profile has been formed in unit 6 and the permafrost features in units 4-7. The paleosol was compared to the Holocene podzol soil in the same area (dot 2 in Fig.  2 ). The paleosol, comparison of the soils and description of the permafrost features are presented below.
Lithological analyses show that the clasts of unit 9 are derived mostly from unit 4; only a minor part of the clasts were derived from the overlying till of unit 8 (Fig. 6 ). This is expectable, as gravel is more susceptible to wave erosion than compact fine-grained till. It also demonstrates that the till layer is not continuous, and the gravel below the till has been exposed to direct wave erosion.
Paleosol profile
A sand unit (unit 6) fills a shallow depression at the northeastern section of the gravel pit. The sand is medium to coarse-grained, massive and partly deformed with occasional pebbles. It reaches a maximum thickness of 70 cm in the middle of the section. The whole sand unit has been podzolised. The observed sandfilled depression is about 25 m wide, and the soil profile is visible along the whole depression (Figs. 7a and b).
The soil profile is mostly uniform, except in the central part of the section, where it has been folded and plastically deformed (Fig. 7c) . The thickness of the visually distinguishable soil profile varies between 40 and 70 cm. The organic-rich horizon with mineral matter (Ah), eluvial (albic, Ae), illuvial (enrichment, B) and intact parent material (C) horizons are clearly Unit 5: Boulder lag -very well rounded (some almost spherical) cobbles and boulders are around 20-60 cm in diameter -no imbrication, disc-and rod-shaped clasts lie preferably horizontally -~ 0.6 m -erosive -shore deposit (lag horizon) - Fyfe (1990) Kodesjärvi Formation* Unit 4: Stratified sand and gravel with cobbles -coarsening upwards, low angle (5-10°) large-scale cross-bedding -sand interlayers with planar and through cross-bedding -upper 1-2 m crudely bedded cobble gravel -dip directions to the NNE-ENE -deformations, ice-wedge casts (Fig. 5) -4-6 m -abrupt -shore deposit: washover (Schwarz, 1982; Massari & Parea, 1988) or prograding spitplatform deposit (Nielsen, 1988; Novak & Pedersen, 2000; Mäk-inen & Räsänen, 2003) -post-depositional glaciotectonism and ice-wedge cracking -cf. GPR images in Smith & Jol (1992) (Gibbard et al., 1989; Bouchard et al., 1990) Unit 2: Cobble gravel -large-scale cross-bedding, locally deformed (folds) -12-16 m -abrupt -subaquatic ice-contact fan -ice-push deformation - Benn & Evans (1996 ; Lunkka & Alhonen (1996) ; Løn-ne (1995) Unit 1: Sand-rich diamicton with boulders -structures can not be detected in the GPR measurements -1-4 m -lies on the bedrock -till Kariluoma Till (?) (Pitkäranta, 2005 (Pitkäranta, , 2009 ) * Name proposed in this study. Fig. 2 ) across the Penttilänkangas ridge show the internal architecture of the Penttilänkangas deposit: A) profile starting from the bedrock area in the SW, and continuing across the Penttilänkangas ridge (RAMAC/GPR); B) the latter 500 m of the a-profile with SIR-10 and different measurement settings; C) crosssection of the western part of Penttilänkangas. Major sedimentary units can be detected in the images. distinguishable. The organic horizon has been partly eroded. Organic material occurs also in the upper stratified medium-grained sand (unit 7 in Table 1 ). All the detected organic material seems to be charred. The charcoal is mostly fine-grained powder, but also 1-10 mm pieces can be found.
Fig. 3. GPR images (locations in
The organic horizon and the organic streaks in the upper sand have low pollen content. After analysing eleven slides (1277 added Lycopodium spores counted), only the following pollen grains were found (amount of grains in parenthesis): Betula (3), Pinus (10), Alnus (11), ?Corylus (5), Carpinus (1), Salix (3), Calluna (2), Ericacea (5), Poaceae (17), Rosaceae (2), Typha (1). In addition, up to 60 grains were detected that resembled pollen but were so heavily ruptured that they could not be identified.
Contrary to the weak pollen content, pieces of opaque charcoal and remains of coniferous cell tis- sue are found in abundance on the slides (Fig. 8) . Abundant coniferous charcoal pieces are also easily detectable with naked eyes. Some physical characteristics (colour, grain size, magnetic susceptibility, bulk density and LOI) of the paleosol are compared to the Holocene podzol soil profile in Fig. 9a-c . This comparison is used to estimate the climatic conditions and time required for the podzolisation of the paleosol, as those of the Holocene soil are fairly well known (see below).
The OSL age of the eluvial horizon is 72±4.8 ka and that of the sand above (unit 7) is 65±9.9 ka (Table 2). The conventional (uncalibrated) radiocarbon age for the charred organic material (sample Su-3659) above the eluvial horizon is 48.2 (+4.5 / -3.1) ka.
Comparison of the physical properties between the paleosol and the Holocene podzol soil
The studied Holocene podzol soil profile (100 m above sea level) is situated 1.7 km to SW from the Penttilänkangas section. The location of the soil profile is indicated in Fig. 2 (dot 2) and an image of it in Fig. 7d . The study site emerged from the sea about Fig. 7. A) The paleosol section. The big clasts in the units 6 and 7 have risen to their positions due to glaciotectonism or alternatively by frost heave. B) Photo of the lateral extent of the paleosol. The section is facing to southeast. C) Disturbed soil profile in the center of the section. D) The Holocene podzol soil profile, which is compared to the paleosol (see Fig. 9 ). 8100-8400 BP according to the shore-level displacement curves of Salomaa (1982) and Glückert et al. (1993) . The soil forming process started to develop soon after it emerged from the sea, as the climate was already humid and temperate at that time. Thus, the Holocene soil should be both physically and chemically mature. It also developed in a similar parent material and in the same area as the paleosol. Comparing the properties of these two podzols is thus appropiate, although too strict conclusions can not be made. The physical properties in Fig. 9 show that the podzolisation is stronger and the soil profile is on average 40 % thicker in the paleosol than in the Holocene soil. This is demonstrated by the slightly more distinct enrichment of clay and fine silt particles in the upper part of the B horizon, thicker zonation of the bulk density and LOI values, and more powerful magnetic susceptibility variations in the paleosol than in the Holocene soil. The dry bulk density values in the paleosol are on average 5-10 % higher, because it was under the pressure of continental ice. The lower LOI values in the paleosol, in turn, may originate from post-depositional leaching (cf. Karlström & Osborn, 1992) . The hues are slightly redder in the paleosol than in the Holocene soil. The magnetic susceptibility is weak in both soils. The differences between the soils are discussed below.
Permafrost features
Cryoturbation and narrow ice-wedge casts are found on the walls of the Penttilänkangas quarry ( Fig. 7a  and c; Fig. 10 ). The ice-wedge casts have been formed in the stony gravel of unit 4. They are 10-20 cm wide and about 4 m deep. Cryoturbation is formed in the sand of units 6 and 7. These types of permafrost phenomena are common in this region (Pitkäranta, 2009) . For example at Kiviharju, in the same eskerlike ridge as Penttilänkangas (see location in Fig. 1) , cryoturbation, as well as, up to 1.2 metres wide icewedge cast are found (Fig. 11) . at Kärjenkoski, Risåsen, Norinkylä and Harrinkangas, described by Niemelä & Tynni (1979) , Kujansuu et al. (1991) , Kujansuu (1992) and Hütt et al. (1993) (see Fig. 1 ). Kujansuu et al. (1991) , Kujansuu (1992) and Hütt et al. (1993) have interpreted these paleosols as originating from the Eemian Stage (marine isotope stage [MIS] 5e, Martinson et al., 1987) , or possibly from the temperate phases of the Early Weichselian Substage (MIS 5a and 5c). They named the paleosols formally as the "Ostrobothnia Geosol" according to the usage of the North American Commission on Stratigraphic Nomenclature (1982) . Their interpretation is based on the stratigraphy, chemical maturity of the soils and on several TL and OSL age determinations made by them and by Gibbard et al. (1989) and Niemelä & Jungner (1991) . The paleosol at Penttilänkangas possibly correlates to the Ostrobothnia Geosol.
The radiocarbon age from Penttilänkangas is close to the theoretical limit of the method, which has commonly been put at 40-45 ka (e.g. Björck & Wohlfarth, 2001 ). Hence, the measured age of 48 200 (+4500 
Discussion
Lithostratigraphy of the upper part of the Penttilänkangas section is analogous to the paleosol sites / -3100) years for the organic horizon should be regarded as the minimum age for the material. The radiocarbon date, however, implies at least a Middle Weichselian age for the paleosol.
The OSL ages presented in this study are considerably younger than those reported by Hütt et al. (1993) from both below and above the paleosol profiles at Kärjenkoski, Risåsen and Norinkylä. If correct, the OSL date (72±4.8 ka) from the eluvial horizon of the paleosol at Penttilänkangas implies that the sand deposited not until the beginning of the Middle Weichselian Substage and the soil had started to develop after that. This is not in full agreement with previous interpretations. Possible variations of dose rate during burial time of sediments (because of changes in water content or nuclide leaching), as well as, low sensitivity of quarz and incomplete bleaching, must be considered as uncertainties in OSL dating (HoumarkNielsen, 2008; Fuchs & Owen, 2008) . For example, Houmark-Nielsen (2008) reported up to 60 % underestimation in age, when sediment with a known age (Eemian) was tested with the OSL method. It is also possible that dated grains have got light after their original deposition, e.g. by deformation (c.f. Kjaer et al., 2006) .
According to the oxygen isotope curves, global sea levels and temperatures started to drop dramatically at 74 ka ago (Chappel & Shackleton, 1986; Martinson et al., 1987) , and the younger of the Weichselian interstadials, the Odderade (MIS 5a), was just turning to the cooler episode of the Middle Weichselian (MIS 4). Hence, the climatic conditions were unfavourable for podzol soil formation at that time, which contradicts with the OSL age from the eluvial horizon.
Also the water level of the Bothnian Sea is assumed to have been lower in the Early Weichselian than at present (Nenonen, 1995) . This contradicts to the interpretation that unit 6, as well as units 5 and 4, were deposited by wave action in a littoral zone of a large water body (sea), as the study area is more than 100 m above the present sea level. At approximately the same time, a shallow lake was occupying a depression at the present sea level on Björkö Island near Vaasa, 150 km to the NNW from Penttilänkangas . Thus, the measured OSL age from the eluvial horizon should be regarded with caution. On the other hand, the age (65±9.9 ka) for the upper eolian sand, which probably has been deposited in periglacial environment, is possibly correct. Fairly late ice expansion in Middle Weichselian is supported also by the observations of Lunkka et al. (2008) in eastern Finland, where ice advanced not until 52 ka ago (see also Kleman et al., 1997) , although Holmlund & Fastook (1995) suggested that all of Finland was covered by ice at 65 ka ago.
The paleosol horizons at Penttilänkangas are fairly thick and well differentiated (strongly or very strongly developed in the rank of Follmer, 1998) , which demonstrates that the soil forming process lasted for a long time and/or occurred in a favourable climate. Coniferous forest was growing at the site at the time of the podzolisation, and no active eolian sedimentation could have been taking place at the same time. After the forest disappeared (or burned, deducing from the abundance of charcoal), eolian erosion and sand deposition was initiated. Despite several uncertainties (see Bockheim, 1979; Boardman, 1985; Catt, 1991) in the known processes, minimum time estimates for the development of podzol soils and permafrost structures can be given. These are discussed below.
Soil formation is dependent on the parent material, topography, climate, organisms and time (Jenny, 1941) . If four variables remain more or less constant, the fifth can be resolved to some accuracy (Bockheim, 1980) . For example, time as a variable in podzol-soil development has been studied in several papers in Finland (e.g. Jauhiainen, 1973; Starr 1991; Petäjä-Ronkainen & Peuraniemi, 1992; Mokma et al., 2004) , as well as, abroad (e.g. Bockheim, 1980; Birkeland, 1984; Karlström & Osborn, 1992 ; see also the reviews in Lundström et al., 2000 and Mokma et al., 2004) . The results vary considerably, but it can be concluded that physically and chemically distinguishable podzol soil forms over periods between 500 and 8000 years in sand-rich parent material. In addition to natural variables, the large variation in these figures depends partly on the soil classification system used, as each system uses different limits of physical and chemical properties (e.g. Mokma et al., 2004) .
The strongly developed fossil podzol soil at Penttilänkangas with thick and well-differentiated horizons indicates climatic conditions in which the soil has abundant infiltrated waters during fall and spring times (Schaetzl & Isard, 1991 . This implies a humid climate with mild winters and/or thick snow cover before the soil freezes in autumn. Deep infiltration outside the growing season enhances the translocation of organometallic complexes into the B horizon, and hence strengthens podzolisation (Schaetzl & Isard, 1991 . This suggests that the podzolisation took place approximately in the same type as or a moister climate than the present. In any case, it precludes the possibility of a periglacial environment during the time of the podzolisation, even though podzolisation can take place also in fairly cold climate (Tedrow, 1977; Birkeland, 1978; Bockheim, 1979) .
Aging, high precipitation and high paleotemperatures increase the redness of a soil (Kemp, 1985) . Although an uncertain criterion (see Schwertmann et al., 1982; Boardman, 1985; Catt, 1990) , the slightly redder hues in the paleosol may originate from a warmer and wetter climate than the present.
The weak magnetic susceptibility of the paleo-and Holocene soils demonstrates that the content of both pedogenic and original (mineralogy in the unweathered parent material) magnetite and maghemite is low (see Mullins, 1977; Grimley et al., 2004) . Low pH soil conditions (<5.5), common under coniferous forest, limit the amount of pedogenic magnetite formation (Maher, 1998) and increase the rate of magnetite dissolution (Williams, 1992) . Magnetic susceptibility also tends to have the higher values the more pedogenetically formed clay is present in the material, and the warmer and moister the climate is (Thompson & Morton, 1979; Williams & Cooper, 1990; Dearing et al., 1996) . The slightly higher magnetic susceptibility, as well as, clearer and thicker zonation of magnetic minerals in the paleosol, possibly indicates a higher paleotemperature and higher pH than exists in the Holocene. The comparison between the paleosol and the Holocene soil profile at Penttilänkangas demonstrates that the paleosol is at least as mature as the Holocene soil.
Studies in modern permafrost areas have shown that the width of an ice-wedge is, at least to some extent, proportional to the amount of time involved in its formation (e.g. Leffingwell, 1915; Maack, 1967; Black, 1976; MacKay, 1974 MacKay, , 1975 MacKay, , 1986 . The reported cracking rates vary considerably, and are usually in the order of 1-35 mm/year. The width of crack is a poor indication of its age, since the wedges do not crack every year, the cracking rate slows down as the ice-wedge widens and the sediment adjacent to the wedge may fall into the wedge as slumps (Péwé, 1966; Black, 1976; MacKay, 1986; Harry & Gozdzik, 1988) . Thus, the ice-wedge casts at Penttilänkangas, which are several centimetres wide, possibly developed in roughly a few tens or hundreds of years. On the other hand, the 1.2 m wide wedge at Kiviharju, which belongs to the same esker-like ridge as Penttilänkangas (see the location in Fig. 1 ), formed over an interval of 1000 years or more (cf. Maack, 1967) . Furthermore, the permafrost itself also takes a considerable amount of time to grow. For example, Delisle (1998) has calculated that the growth of 90-140 m deep permafrost in northern Germany and the Netherlands during the peak period of last glacial stage took roughly 10 000 years and its decay about 2000 years.
The cryoturbation shown in Fig. 7a and c occurs only in the sand, not in the gravel below. This is partly because it occurs in the active layer, where deformable freezing and thawing repeatedly take place, and partly because cryoturbation structures develop more easily in sand than in stony gravel (Van Vliet-Lanoë, 1988, cf . examples of cryoturbated soils in Tedrow, 1977 and Tarnocai & Valentine, 1989; Olsen, 1998) . It should be stressed that cryoturbation as such does not definitely indicate permafrost, as it can form in rather humid and cold climates without permafrost (Van Vliet-Lanoë, 1988) . Also, tree-fall may cause structures that resemble cryoturbation (Catt, 1990) . Furthermore, vertical clastic dykes can sometimes be confused to ice-wedge casts (c.f. van der Meer et al, 2009 ). However, the occurrence of ice-wedge casts at Penttilänkangas, as well as, elsewhere along the same ridge indicates that permafrost conditions really existed. Ice wedges only form in periglacial climate (Péwe, 1966; Black, 1976; Harry & Gozdzik, 1988 , Huijzer & Vandenberghe, 1998 .
The reasons that the paleosol could have preserved through the latest glaciation may be summarized as: 1) it developed in a shallow, sheltered depression filled with sand; 2) the sand was deeply frozen when the glacier overrode it; 3) the area was situated in the passive interstream lobe with cold-based ice and with weak glacial erosion during the latest glaciation (c.f. Punkari, 1997; Kleman et al., 1997; 2008) ; 4) low permeability of the overlying clay-rich till has prevented percolating waters from altering the soil horizons (see Catt, 1990 , Olson & Nettleton, 1998 ; 5) the position of paleosol beneath the active freezethaw layer in the Holocene has prevented further soil disturbance. At slightly higher positions, where the covering eolian sand is thin or lacking, the glacier has deformed the soil profile or totally removed it.
The uppermost dark grey massive till correlates to the Kauhajoki Till Formation, described by Gibbard et al. (1989) and Bouchard et al. (1990) . This clearly distinguishable till has a large lateral continuity and is always the uppermost till in the area. It was laid down by the latest ice-sheet, which advanced into the area during the Late Weichselian Substage, at the latest. The dark colour of this till has been inferred as originating from the high clay content and from ferrous sulphides (Rainio & Lahermo, 1976 . Similar type of till has also been found in Sweden at the same latitudes as the area discussed here (Lundqvist, 1973; Björnbom, 1979; Robertsson et al., 2005) , although correlation between these tills is difficult. The lithology analyses at Penttilänkangas (Fig. 6 ) indicate that this till has a considerable amount of dark-coloured rock fragments (both as cobbles and small pebbles in the matrix). This also contributes to the dark colour of the till. According to the bedrock map of southern Ostrobothnia (Korsman et al., 1997; Lehtonen et al., 2004) , large areas with dark rocks occur particularly to the northwest from Penttilänkangas, i.e. roughly corresponding to the direction of the latest ice movement.
The well-aerated sand-rich soil and forest fires are probable reasons for the negligible preservation of pollen grains in the organic horizon of the paleosol. If the pollen wall is highly oxidized, it will easily be decayed by microbial attack. Fire may effectively destroy all the pollen, especially in the topmost few centimetres (Havinga, 1967) . Havinga (1967) also noted that pollen preservation is especially poor in podzol soils. The low pollen content in the studied paleosol does not allow reliable interpretation of the paleoclimate. On the other hand, pollen preserved in paleosols are most probably local in origin, and so even a small amount of pollen can reveal the paleoenvironment fairly well. The few identified pollen, including possible Corylus grains, as well as, the cell tissue, however, imply that the climate was fairly temperate and coniferous or mixed-tree forests were growing at the site.
Although there are some uncertainties with the OSL datings, the results herein raise a question of a possible Early Weichselian glaciation and deglaciation in westernmost Finland. The extent of the Early Weichselian glaciations is still questionable (e.g. Lundqvist, 1991; Robertsson et al., 1997; 2005; Siegert et al., 2001 ). Western Finland is the key area in this respect, as it is close to the center of the Scandinavian glaciations. The possible Early Weichselian glaciation(s), however, would mean that the Early Weichselian interstadials, Brørup and Odderade (or at least the other of them), were longer and more temperate and humid than previously reported. Evidently, this topic requires further investigation.
The two new formal names used in Fig. 4 , the Kodesjärvi Formation (unit 4) and the Isojoki Sand (unit 7), are proposed to be included to the Suupohja Group, which comprise all the Pleistocene deposits in the Suupohja region (Pitkäranta, 2005) .
Conclusions
The asymmetrical form, structures and eastward dipping layers imply that the Penttilänkangas ridge was deposited predominantly as coalescing subaquatic fans at the border of a westerly or northwesterly retreating glacier. This presumably took place during the final retreat of the Saalian glacier, in the marine isotope stage (MIS) 6. The ridge has been reworked and covered during later geological events, including deep water, littoral, eolian and glacial episodes. Thus, considering the Late Weichselian and Early Holocene events, two cycles of glacial melting and land emergence to littoral and subaerial conditions can be distinguished at Penttilänkangas, separated by one glacier advance between the cycles. A long ice-free episode before the latest glaciation, both temperate and cold, is indicated by the wellpreserved podzol soil profile and permafrost structures.
The analysed physical properties of the buried podzol soil show a higher maturity of podzolisation than the Holocene podzol soil in the same area. Although uncertainties exist in interpretation of age and paleoenvironment based on physical properties of single soil profiles, those determined in this study indicate that the podzolisation of the buried soil has taken at least as long time as, and/or under a slightly more temperate and humid climate than the formation of the Holocene soil.
It is estimated that a minimum of 15-20 ka was required for the development of the podzol soil, growth of the permafrost, and cracking of the icewedges. Considering possible cool and/or dry episodes with no permafrost growth and minor podzol formation, the ice-free event has possibly been considerbly longer. It is suggested that the soil formation initiated in the Eemian Interglacial Stage (MIS 5e), and probably continued in the temperate phases of the Early Weichselian Substage (MIS 5c and 5a). Also the youngest of the Early Weichselian interstadials (MIS 5a, Odderade) was warm and humid enough that coniferous forest could grow in western Finland. According to the OSL datings, the Middle Weichselian glaciation reached western Finland 10-15 ka later than usually reported, about 65-60 thousand years ago at the earliest.
Although the observations herein support the interpretation that there was a long ice-free period from the retreat of the Saalian glaciation until the advance of the first Weichselian ice-sheet during the Middle Weichselian Substage, the OSL results contradict with this. If the OSL-datings are correct (within the error limits), that would lead to the conclusion that an Early Weichselian glaciation (MIS 5b?) covered westernmost Finland. In that case, all the studied deposits should have been deposited after the Eemian Interglacial, and the Early Weichselian ice-free stage (MIS 5c?) should have been more humid, temperate and longer than previously proposed.
The well-preserved paleosols, ice-wedge casts and cryoturbation features indicate that the Weichselian glacial erosion was locally only a few tens of centimeters deep, if significant at all, even on elevated terrains in western Finland.
